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S u m m a r y 

The coriolis antipairing effect is inves
tigated for the rare earth nuclei. For this 
a new two-parameter expression for the 
pairing strength is introduced which is 
adjusted to the ev·en-odd mass-differences. 
Good agreement with the experimental results 
concerning the linear part of the moment 
of inertia as a function of the square of 
the angular velocity can be reached if pro
jection onto exact particle number is taken 
into account. The latter causes an essen
tial stabilizytion of the pair-correlations. 
The critical angular velocity for the tran
sition from t.he •superfluid to the normal 
state~is~defined and calculated. It is 
substantially incr~a~ed by projection onto 
exact parti'cle number whereas it remains 
almost uncha.~ged by projection onto exact · 
angular momentum. The critical angrilar velo
city at which 'the neutron pairing vanishes 
is systematically larger than the angular 
velocity at which back-bending is observed. 
From this it is concluded that back-ben
ding cannot be caused by a rapid transi
tion from the suprafluid to the normal 
state. 

. II 

r -

1. Introduction 

The first observation of the irregular 
spacing of the yrast-levels in even~even 
rare earth nucled/1/ has~ stimulated a number-
of experimental and theoretical investiga
tions of thfs intere.sting phenomenon called 
back-bendi'ng. (bb) • As discussed in the re
views/~~on the subject the·most likely 
explanations for bb are: · 

- The rapid transition frpm .the supra
fluid to the normal state caus~d by the · 
Coriolis Antipairing Effect /6/ (CAP) . 

- The decoupling of two neutrons from 
the rotating core and the'aligpment of their 
angular momenta• with that of' the core/7/ 
(Rotational Alignment' Effect.·~."~ RAL) • 

As shortly sketched'; :in7;t.~e· following it 
is not yet clear whi'C:::h: of 'the two effects 
is the dominating mechanism'causing'bb.· 

In refs./8-IO/the yrast-levels of> 162Er 
and 166- 17P:Yb"are well<:· reproduced 1 by':ca'l.cula-.l: 1 • 

tions based on the'CAP. The authors-con- .:;o-' 

sider their results· as· a strong· evidence·. !' 1 

for the' phase transiJ:_ioiJ.::.picture ~ · O:ri, the· ~:
other hand~;, ih refs.~~;·' 11 >: a good descrip
tion of the 'yrast-levels:· of all. evemieven . ' 
rare earth:• nuclei 'i•s'·achieved with: the· help: 
of a·' semiphehomenological particie-plus- . ; 
rotor model·~ However· t'he model contains some' 
parameters which are neither fixed by in
dependent experiments nor calculated. 

·;~ 3 
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The experimentally observed pattern· of 
occurence or missing of bb in adjacent 
odd mass and even-even nuclei can be under
stood in the framework of RAL. This fact 
is considered in refs. I~ as a kind of 
experimental indication that bb is caused 
by RAL. However in ref .141 it is argued 
that it is also possible to int~rpret·the 
mentioned pattern in terms of CAP. 

One can investigate the relative im
portance of CAP and RAL by means of models 
which take into account both effects. This 
is done in the investigations of few-level 
models iof refs . ./12•13/ The authors find 
out that in most cases bb _is due to the 
decoupling of t\'lO particles (RAL) but do 
not exclude a phase transition for some 
outsides 1131. It is argued in ~ef ./4/ that 
these models do not take into account the 
change of the moment of inertia of the 
core via the CAP and, therefore, disfavour 
the possibility of a transition to the 
nonsuprafluid state. In ref /I4/ the Hartree 
Fock-Bogoljubov approach is used. According 
to this· calculation bb in 162 Er is due to 
the decoupling of two neutrons. 

In ref ./IS/ the transition from the supra· 
·fluid to the ·normal state is estimated to 
take place at a higher angular momentum 
than the decoupling of two neutrons (RAL) • 
Consequently the RAL, which is estimated 

4 

to appear just at the angular momentum 
where bb is observed, is supposed to cause 
bb. In ref /16/ the CAP as origin of bb in 
154 Gd . is ruled out analysing the spectrum 
by means of a model of crossing bands~ 

I 
!\ 

In _the.p:r;esent ,work q·.systematicanaly"
sis o£ CA~ is: carried out fqr t;.he even-;.;~"' 
even. nuclei in the_ rare ea,rth.region. ·Com~ 
par.ing with prev-ious investigations of 
CAP in refs / 16- 221 the influence of conser
vation of. particle number and_;. angul,ar<· mo-. ~ 
me!ltum i~ studied~ _Ify-· means of a, systeina tic 
compar~ison with the experimental data on 
the spaCing o~. the yrast levels it .is tpves
tiga ted whether the ca'lcula tions based on 
the "CAP do reproduce bb ·in a·· quanti'tati~~-~
way or whether :there are. sign1r"icant de~:_; .. 
viations from the. observed pattei:n.·· .Th.e re-

~ . ,. . . ' ,, • . • - .. ' t .• • > " - • ,., « . ~ ,.. . : ~ ~: '' ·.: ' 

sults of this compar1son·are considered as· 
an evidence in.disfavour'of the interpreta-
tion of nh in terms of CAP. · ·- · · ·· 
··Although the··· present· work .mainly·· con:..:" 

cerns the in terpreta t.ion. of bb ft . 'should 
'be mentioned that the results' are· of more 
gene·ral interest. For· an interpretati'on 'of 
nuclear· structure at high. angular inomemtum 
it is important to· know at which angul'ar · 
frequ~nc~ the'transition.£rom the supra~ 
fluid to the ~ormal state takes-place. Th~ 
present work provides a new estimate of 
this quantity based on a particle number 
conserving description of the pair.:...c'?rrela-
tions. . . . 

The expressions for the energy_of'the 
yrast are derived in sections"2 and 3~ Sec
tion 4 is devot~d to the choice of the 
deformed ·single 'particle potential' and 'the· 
determiriation°of the pairing strength. The' 
results of·th~~baic~lations for the r~gion·' 
of jlow '·angular momentum are discussed. irl_ • .. 
siktion\•'s. · In··· section. 6' the. critical fre':.2. 

-,quency bf; the''·breakl-dowri· of pairing:' i~ .. ·in.:._ 
trodticea·~ Tliis <aeffnition· turns out to be 
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useful for the discussion of-the transi
tion from the stiprafluid to the normal 
state at high angular momentum (section 7). 

2. The Rotational Energy Calculated 
by Means of a·· Particle Number Conserving 
Description of Pairing · (Q-Projection) 

1 . 1' . /17-23/ d f. As usua ln lterature . we e _lne 
CAP as a ,uniform weakening of the pair-cor
relations in the rotating nucleus~ The 
strength of pairing is f·ixed, like in ref~22~ 
by means of the gap-parameter A the value 
of which is obtained by minimizing the 
total energy I<~ 1(/\) for a given angular 
momentum I. The expression for E 1 (A) is· de
rived assuming that all nonadiabatic ef
fects (but CAP) can be neglected. ·As regards 
the most important ones 1227, the influence of 
rotation on the defor~ation of the nucleus 
is not expected to be very essential for 
the well deformed nuclei of rare earth re
gion (see refs/ 22•24/ ) and the discussion 
of section 5). However, it is not clear 
from the beginning whether _the influence 
of rotation on the.single (-quasi-) particle 
degrees of freedom is important or not~ 
Rather, this effect is excluded in. order to 
investigate what follows from the assump~ . 
tion ~hat only CAP is responsible for bb 
and whether these results are ,compatible . 
with the experi~ental findings. _This kind ' 
of indirect arg.ument was chosen ·because it .. 
is relatively simple tq carry··Ol~t calcula-:-, 
tions taking' into account only, CAP wh~reas, 
the inc1usio.n of the . si;ngie~p~r,t,ic],.~ · ·a·egrees 
of freedom demands a: muctLiai:<Jeli comp.uta·.:.: . 

_. • \ . _ ; _ "! :_, • < ~ • I .. ·- " . ".. · II ~- ~ • 
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tional effort. Moreover, in section 7 it 
will be shown that a part of the results 
remains valud even in the case that the 
neglected RAL is expected to be significant. 

· As only the influence of rotation on the 
gap parameter A is consic;l.ered, E1 for 
a given value of A corresponds to the' ener
gy of adiabatic rotation. Restricting to · 
the ground state bands of even-even nuclei 
E1 reads 

I 2 

E
1

(A) =E 0 (A) + J , l=v'IO+l) 
2 ~(A) 

(2 .1) 

The expressions for the ground state 
energy E

0 
and the moment of inertia 3 are 

calculated using BCS-functipn~ projected 
onto particle number N ( 0 -projection) • 
It is assumed that the pair-correlations 
are sufficiently well descfibed by the Ha
miltonian of monopole pairing (see, e.g., 
ref. / 2 '!-./ ) 

+ ~ +.+:..:- + 
II = H sp. - G P P, II sp = ~ ( i c i c i? P = f->lll\ ; . (2. 2) 

. I , ' I 

where (. is the energy :of ·.t_ he single-par-
I . . 

ticle level i in a deformed axialsymmetric 
shell model potential. The operator ct ge
nerates one particle on the level i, p: 
a pair on 'the ·time reversed states, i.,i ,

1 

i'. e. ; P~ = < c 1· The symb~li~ o means that the 
sum runs only over· states with a .positive 
projection· of the angular·.momentum on the 

·symmetry· axis. In order to simplify the. , . 
notation;·the. Hamiltonian· and the derived 
expressions are onlywrittenfor one kind 
of particle~. The generalization=in the 
case of protons and neutrons (in the fol-

7 
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lowing denoted by Z and N, respectively) 
is obvious. The ground state wave function 
is approximated by means of- the BCS-vacuum 
denot_ed by I~ • .\> from which the component 
with the exact particle number N is projec
ted out , i . e . , 

-1/2 
1 ~ , N > = .n 0 Q Nl ~A > , n 0 = < ~ , >- 1 o Nl "" , A > . < 2 • 3 > 

The realization of the projection operator 
Q N is described in the appendix. The BCS
function has the well known structure (see,. 
e.g., ref./25/ ) 

2 
u. l f.-A 

IL'l,A>=I!(u.+v.P:t-)10>, 1 =-0± 1 ).(2.4) . 1 1 1 2 2 
1 > vi v (f i .:.t.)2 +& 

The chemical potent~al .\ is fixed for 
a given value of L'1 by the condition 

2~v~(L'l) =N. 
i> 1 

(2. 5) 

The ground state energy as a function of L'1 
is obtained as the expectation value of H 
with respect to the state jl'l,N>: 

+ E 0 (L'l) =<L\,NIH IL'l,N>-G<L\,NIP PIL\,N>. sp . (2. 6) 

The explicite expression is given in the 
appendix. The moment of inertia is obtained 
by means of the cranking model (see e.g. 
ref. /25/ ) • According to this model_ one. cal
culates the energy of the system in a frame 
of reference rotating with hthe angular. ve·
locity w around the x-axis. The correspond
ing Hamiltonian has the form 

H =H-wJ ,J =~j~.c-:c., 
W X X ij IJ 1 j (2.7) 

I 

I 

l:f 

' 

where j ~- denotes the matrix element of the 
x -comp6nent of the single-particle angur'ar 

momentum operator. In order to obtain the· 
adiabatic rotational energy as a function 
of~ the term wlx , is taken_ into accmmt in 
second order perturbation theory starting 
from I~,N>. The moment of .inertia equals -2 
times the coefficient of the term quadra
tic in w. 

The operator J x generates from jl'l,N> only 
states ~ the type 

-Y, + + . . . 
1 ""· N, ij.> = :n.. c. c .QN 21 L\, A, ij·>, n .. =<L\, A.ij 1 oN 21 L\,A,ij>. < 2 • 8 > 1J 1 J - 1J · -

where jL\.A, ij > denotes the BCS-vacuum with 
levels i. j blocked. In the appendix is 
shown that II is diagonal within the ortho~ 
normal set II L'1, N>, jl'l, N, ij>l. This is only true 
for the special set of 11 projected two
quasiparticle s~~tes 11 (2.8) generated .by lr 

The Hamiltonian is not diagonal for sta
tes of the type 11 two-quasiparticles on 
time reverse<;} states 11

• However, these._ states 
contribute only to highe~~rders of.pertur
bation the.ory. By treating L\ as. a:. free pa
rameter these contributions are ·taken into 
account in an average but·nonperturbative · 
way. The fact, that H_ is diagonal, is also 
connec~ed with the ~hoice of the sim~le 
pairing interacti6n between ·the particles~ 
In the~ case· of a more reaiist.i:c interaction 
this property gets lost /26 /. _ · · · . __ . __ -_ -

Using second order perturbation theory 
one' obtcdns f'q;t the moinen t of ·inertia 

I<~,N ,iJIJxJL\, N > 12. 
5<~)=2.~ _ ,Ei.=<L'l,N,ijjHjL\,N,ij>. (2.9) 

1J E - E J . , .. 
ij 0 .. 
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The explicite expressions for E1iand 
<A,N,ijlJxiA,N> are given in the appendix. 
From the explicite form of the matrix-ele
ment follows 

.2 x2 x
1

2 )1 ~ 
~(A)=4 2 (uivj-ujvi) (!jijl +lhj )(_i) .(2.10) 

. > "> E L~ 'l1 . 
I J ·' ij- 1:.• 0 "0 

The total ground state energ~ and the mo
ment of inertia are the sums of the cor
responding contributions from protons and 
neutrons. As is discussed in more detail 
in the appendix, the Q-projection operator 
is approximated by a sum of 8 terms. In 
order to find the minimum of the total ener
gy with respect to the gap-parameters Az 
and L\ N the expressions 1<~ z(Az) , EN (t\ N), ~ z ( t\ z) 
and ~N(AN)are calculated·at 8 points of Az 
or AN within an interval from 0 to 1.8 MeV. 
The value of E1 (A z• A N) between the mesh
points is obtained by interpolation with 
4th order polynomials. This ·method turned 
out to be sufficiently accurate and fast. 

3. Conservation of Angular Momentum 
( PI -Projection) 

In refs.h, 9 / it is discussed that if 
the internal structuFe of the nucleus.ra
pidly changes with uincreasing angular 
momentum _the quasiclassical cranking model 
may become a bad approximation. One way 
to .take the conservation of angular momen- _ 
tum into account is to project out the 
components with the angular momentum 
I (PI -projection) from th~ basic wave fun_c-. 
tions (2. 3) and (2. 8) • In refs t27

• 
281 it is 

l 
1 

11 
I 

l 

/ .i 

shown an approximate e~aluation of· the pro
je.ction operator PI- leacJ_s to the. same. ex:.:. . 
pression for the rotational energy as ob
tained in the cranking model. Only the 
ground state_ energy ~ 0 is.renormalized: 

. . . 2 ' 
. , .. <A,NIJxiA,N> . 
E

0
=E

0
- . (3.1) 

.. . . Spv 
where the Peierls:... Yoccoz moment of inertia 
Spy can be written in good approximation/29

/ 

as 
S = <A,NIJx{II-E 0)JxiA,N~ 

PY 2<A,NIJ2 1A,N>. 
X 

(3. 2) 

Using the matrix-elements of the appendix 
one obtains 

· 11-E 
<A,NIJx(- 1 - ~JxiA,N>= 

~. F ...:.E n.:< 3 • 3 > 
= 2 2 ( - ) 2 (I' x 12 I . x_ 11 ( .'ij 0) I __!l) ~ 
, u i vj uj v i I ij + J i. . l \ )1 • 

• J 0 

The expressions' are to be unders'tood as .. 
sums of the contributions from the pro'tons. 
and the neutrons. In refs / 30 ·

31
( i~ sh.own . ' 

.that a more accurate account ·of the conser
vation of angular momentum leads to correc
tions fo the moment bf iriert~a. Hciwev~~~ 
the-magnitude -.of. those contributions seems 

• . .• . - . . -. ' . ' . .• ·-I I ' 
to be not yet c:_lear ,o(compare refs:l27~_3J; .):.~ 
Thus,,, the cranking-expression· for- the .mo
ment :-of ine'rtia·_ ·has .been;.-kept unchanged'"~ ..• 

An·,~ccurat~ evaluation of the_ P.j -:o.Pera:::_: 
tor leads. C!-lS<? 'to _cor.rection_s_ in .. the:·r.ota,;-.' 
tional energy,.depend-ing on ~higher power_s. . . . . . . . ' 2 . 
of the ang.ular momentum than ·. L ' ... The :re.le.;.._ · 
vance of ·these ··terms ·to' the. subject_ of._ this . .· ... ,;\ . .· . . 
work. should .be investigated be.cause· •they .. 



ars connected with restoring'a ~iolated~ 
symmetry.' It·is rather complicated to carry 
out the· PI -projection within the· whole 
basis (2.3) ,. (2.8), but one ~an hope tb 
estimate the corrections. by means ·of the 
simple projection approach that neglects 
the admixture {2.8). The same -method is 
used in ref .fs/ For the evaluation of the 
overlap integrals an approximation propo
sed in ref. 1321 is used. Then the energy · 
equals 

11 . • l 
2<~ N[J 2[~ N> J d,Bsin 3,Bdi (,13) exp(-z~.N[J2[~,N>sin 2,13) 

E -E ' X ' .n_ . 00 X .. 

I- 0 + tt 11 . I : 1 2 . 2 ' 
.J py J d,Bsin,B d00(p) exp (--<...1\,N[J xi~.N>sin.,B) 

I 0 2 
where d00 (,13) denotes the reduced Wi~ner d-
function. In second order of 1/~, NIJxi~.N> 
this expression becomes the renormalized 
ground state energy (3.1) and a rotational 
energy, quadratic in I, but with the moment 
of inertia ~pyinstead of~ .The occurence 
of ~ Y in the rota tiona! energy is due to 
the ~ct that the contributions (2.8) are· 
not taken into account. 

4. Choice of Parameters 

The basic input parameters needed for 
the calculations_are the energies and mat
rix-elements jlj in the.deformed shell . 
model potential and the strength of the
pairing interaction. As deformed potential 
well the Nilsson-madel in the version of 
ref ./33/ · .is adopted. Only quadrupo~e de~or-

- mations are permitted. The valuesof t:q.e 
corresponding deformation _parameter .€ are 
the experimental ones taken from the. :com-

12 

H 
": 

j 
I 

pila tions 134•35/.If- no experimental values· 
for f _are given .the. de_formation. is estima
ted.extrapolatin~ linearly,within a ch~in._ 
of.isotones. The-values-used are-~ndicated~ 
i~ fig.· 2 •. In the expre~sions (2.10), (3'~3-) 
the contributions from matrix-elements bet7 
ween different oscillator shells <~=±2) are 
taken into account. :. . 

The· strength of the pai'rin·g interaction 
G is parametrized with the help of the ave

raged -gap-method proposed in ref /34/. The . 
averaged gap K determ-ines G via the avera
ged level density p . It is conveniEm·t to 
approzimate p ·ba means of the asymptotic 
expression given in ref. 1351: .. 

Pz,N (x)=hw~l[(h:o)2- ~ (l+ !f2)+aZ,N(h:o)4], (5 .1) 

where hw 0 is the oscillator. constant of 
the Nilsson-madel. The values az= 2.33 .-ro-3 + 
+ O.l08f 2 and aN= 1.19· w-3 +0~008~ are ob-
tained from a comparison of expression (5.4) 
with the valu~s of the averaged level den~ 
sity c~lculated directly from the Nilsson~. 
modelby means of the Strutinsky-averaging
procedure *. 

The averaged gap is.determined from the 
values of the expressions Pz, .p N (see ·ref /36/ 

expr. (2. 92) , (2. 93) ; P ZJ PN are denoted 
there by 1'1 P .~ n calculated from the expe
rimental binding energies of 4 adjacent 
nuclides'. · · 

*The author is indebted to Dr. V.V.Pash
kevich for kindly supplying the computer 
code. 
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In the·rare earth region the Pz and 
PN -values within a chain of -isotopes dec

rease with increasing mass number ·A(see 
fig. 1)~ In order to take into account this 
effect a Z,N--dependence of the averaged gap 
is introduced 

~ !). - ~v(Z,N} 2 ~v(Z, N) 2 
Az,N -= y,-ll-7J[( . ) -( ) Jl,(5.2) 

A z VZ=N . VZ=N 

where 

. ~v(Z, N} ( 2Z, 2N )V3 - -, A :;: 0.4A2 ----= -1, Z,N = ----
v z = N A . A + 20 0 

~~f..;,', ,Gd, . 'M--T.D; ·-{1-r-- -,----E:r --<f--- -, - ----,-;-~· .l 
~ t' ·-.......... x-:-_........ ........ ..... ---·- ...... 
'--' •......._ • '--....._ -x --... ~ 
a..t2L 'If 0~............._· o ~ • _, o · ........_. o._ -.::.-........... .. 

Cl · ~ o..,: '• 'i~u, ·• ~'c_ -·--, ~8~-c- '"' ~10 ' .... ~ (C?""""'~......:::f--0 .--~~~!-=:i--, ~ --.,~'i~it '~~~". "'•~".:.::0--c "'-..;::~~8;;;.;~! 
Q8f- " ~',,. ''li! " -~-.... ~~ 

<>--<> P exp. ---1 
•-• "'Q-pro;. 

Q.6 

Q.4 

>' 1.6. 

!t4 
~12~ 
itoT----

08 

0.6 
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x_ X 
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~. ' X 

~ X ~ I i • .. ..... ... _- ~ -~ 
6...._ '·o, ~. ............ ' u l . 1f~ x ~~-·':.:w, ', . ~~"- X --,x. - . t~ -·- . 

-...;;. - ~ ' ~B~ X '! -~ X -· o~8 -.o~,c ~r:- . -~ 
'~ -~c~c- a,., ~~ -, "t ~-,;" 'r- - -11· '-- -c 

"~' ~!!-I 
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~ 
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-- I --· i ·- ·-· !72 ' 1~ 
-A 

14' 

.I 
I 

I 
I 

'· I 
.I 

. r I I Hf I I I { w rr- Os 'I 
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Fig. 1. The pairing gap and _the P.-values 
for the rare earth region. The experimental 
binding energies are taken £rom~ef.A~. ·
The values of ref. /46/ are preferred if · 
larger accuracy is indicated. The number. 
of str-ings indiq_c3_tes how.many values of the 
binding energy in the expression for P cor
respond . to extrapolations of riuclear mas-·. 
ses (see ref. /45( } • In the first part .of · 
the figure t\ 0 = 13.9 MeV whereas in the 
second. par:t. _. _!1 0 = 13·.1 HeV_ is chosen. 

~ • ' I . . • ~ . • ~ ' ~ -. 

In these ~xpressions vz~~ ~eans the-.yeloci:ty 
of p_ar.ticles ,a_t the Fermi-surface. _in .. the .. · 
case,,. N =.:!-_ , ..• ~\v_ • is the .d~yiation from _th-is ·, 
value .Jor,_glven Z or N/3

, Z,N_. are. the-.p_um-
bers . o_f nucleons _on .the line.,qf /3-:-stabili-: 
tyi3~The, idea. beh.ind_ the expressions (~ .2) .. 
is tha:t. the strength offair-:-cor~eJation? 
should· be. re;la_teq ~-to_ /.3~. An :exp~es_sion;;de-:-

l5i 
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pending only linearly on ~wvz=N fails to 
reproduce· the fact that both Pz and PN de
crease with increasing mass number. Thus,· 
a quadratic dependence has been assumed. 

- - 2 ' The correction term (~v(Z,N) /vz=N) is spbtrac-
ted because the Z,N -dependence of ~ cor
responding to the line of ,8-stability is 
already incorporated in the leading term 
~0 / A~. 

Comparing directly the calculated and 
experimental values of PN and P z we found 
the parameters TJ = 120 and, respectively, 
~ 0 = 13.9 MeV and -~ 0 = 13.1 MeV for the 
beginning and the end of the rare earth 
region. The theoretical values of Pz and P N 
are obtained from the ground state energies 
E 0 calculated with the deformation f cor
responding' to the nuclid Z,N .The expression 
for-the ground state energy of odd nuclei 
can be easily obtained from the expression 
for the "two-quasiparti~le energy" (A7) by 
removing the second blocked level j. The 
values of ~ 0 found for the rare earth re
gion agree reasonably well with the value 
of 12 MeV 134 • 361 for the whole periodic · 
table. The calculated and experimental va
lues of Pz , PN are shown. in fig. 1 •. It -is 
interesting to compare the calculations 
with and without Q -projection. The most 
striking feature is the increase of the gap 
.. ~ if the particle number is conserved. 
This effect leads to an increase -of the 
difference between P and ~ because the · P
values are not very much influences by Q
projection. Therefore it· is not correct to· 
determine the pairing strength by comparing 
the experimental. values of P directly with 
~. as usually done in BCS-approximation. 
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Ratijer, one_ must relate' the experimental·· 
and theoretical values of P. The values of 
the parameters obtained in this way are 
also suitable, for the BCS-approxima ti6n. . 

5. Discussion of the Region of Low 
·Angular Momentum · 

The results of the calculations are pr~
sented i~ fig~ 2 as graphs of the moment
of inertia as a function ·of the ~quare ~f · 
the angular velocity (<),Only "'Q...;projection 
is taken into account •. The discu~sion of· 
P 1 -projection is postponed to s~ction.7~ 
The points of the function~(~ 2)are obtained 
in the following (direct) way: For~iven 
the angular velocity w . equals to, 1/~ · ·· 
where B equals to _expr. {2 .10) taken at the 
minimum of E1 with respect to .. ~Z and ~ N· 
In order to determine the funcition ·~(w2) 
£rom the experimenfal spacirtg of the yrast 
levels the exprs. (13) and (14d) in r~f .f3/ 
are used. The.example in fig. 3 demonstra:... 
tes that the points of'3(w 2) obtained by 
means of this method from the calculated 
values of E 1 agree rather well. wi tli: those 
obtained in the direct way. In the·case of 
less pronouncedbb. ·the.agreement is still· 
better. 

_Let us first consider the region of low 
angular velocity where ~ approximately li
nearly depends on w2 . The compari"son of 
theoretici~l and experimental results in this 
region ·permi-ts o_ne to get an impre·ssion to 
what ·extend the ·predictions for high angular 
momenta can be ~rusted. It can be seen in 
fig. 2 that the calculated moment~ of iner~ 
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tia at I = 0 are smaller than the experi
mental ones~ In BCS-approximation the ave
rage deviation amounts to 25%. If Q-pro~ 
jection i~ taken into"acc6unt it increases 
by 10%. This_discrepancy has been known 
for a long ·time / 38/. As a_ calculation with 
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Fig .. 3 ~ ~he inclination dj/d(JJ 2 of the ·li- · 
near part of 5((1J1 . for the nuclei of. the 
rar~ eaith regiori. The contributi6n bf.CAP 
is. calculated in the present work .. The ,. . . 
c6ntribri~tons from'the ch~rige of the quad~u
pole and- hexadecapole deformation ·a:s ;well 
as the 4th order crankiri'g correction. are 
taken, respectively, from tabs. v arid VI 

·/23/ . . . . ' ,. ' of ref. . . · 
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reduced pairing strength shows (se~ sec
tion 7) it is too large to be connected wit 
the uncertainties the strength of pairing 
is determined with. In refs .126,31/ correc
tions to expression (2.11) are proposed 
which allow one to reproduce the experimen
tal moments of inertia with good accuracy. 
In the present work we do not further con
sider the very interesting problem·of the 
theoretical prediction of the moment of 
inertia. Rather we concentrate on nonadia
batic effects assuming that the missing 
contribution to the moment of inertia does 
not depend on angular momentum. As is easil: 
seen a constant correction to the moment 
of inertia leads only to a corresponding 
constant shift of all points of 5(w2) along 
the 5 -axis. The shape of the curve remains 
unchanged. Therefore we simply compare the 
shifted curves. Some aspects of the possi
bility that the correction to the moment of 
inertia depends on angular momentum are 
discussed in section 7. 

The inclination of the'linear part of 
the theoretical curves 5Cw~ is mainly 
determined by the stiffness of the system 
with respect to a change of ~- It can be 
seen in figs. 2 and 4 that the inclination 
of the. curves with account of Q -projection 
is always lower than that of the curves 
corresponding to the BCS-approximation. 
This larger stability of pairing is connec
ted with the fact that particle number con
servation increases the pair~correlation 
energy by approximately a factor of 2 and 
this leads to a larger curvature of the 
function E 0 (~) at the equilibrium point. 
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The calculated valu~ of the inclina
tion dgNw 2 is smaller than in experi
ment. This does not mean any failure of 
the Q-projection method, but merely exp
resses the fact that there are important 
nonadiabatic effects besides CAP. In fig. 4 
the contributions arising fro~ the single
particle degrees of freedom ("4th order 
cranking contribution n), quaarupole and 
hexadecapole deformation are added to the 
value of dYdw 2 - obtained in the present 
work for the CAP. It is shown in ref. /22/ 
that in the linear region the contributions 
from different nonadiabatic effects simply 
add. The numbers corresponding to the men
tioned no~a~iabatic effects are taken 
from ref. 24 (The quantity Cv\M calculated 
there equals to 2dg/dw 2 ) • After taking 
into account the additional effects the . 
inclination-- of the linear part of g {w 2) 

is reproduced with good accuracy for the 
stable deformed nuclei. The agreement bet
ween calculated and experime~tal values is 
somewhat better than in ref. 36

/, presumably 
because the Qrprojection is carried out 
exactly. It should be mentioned the main 
contribution to dg/dw 2 comes from the 
single-particle degrees of freedom. 

The good agreement of the theoretical 
and experimental values for the inclina
tion in the case of well deformed nuclei 
is interpreted as an indication that CAP 
is quantitatively correct described by the 
Q-projected BCS-function. 

If 'the contribution of CAP to the total 
value:of·dg/dw2 is calculated in BCS-ap
proximation, the inclination is obtained 
larger than experimentally observed. In 
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this approximation the sole CAP gives al
ready the experimental value.· This coin
cidence has often been used/8•9 •17-:-211 as an 
argument in favour of a description of 
nonadiabatic effects in terms of only the 
CAP and the change of deformation. 

For the nuclei at the borders of the 
deformed region the ~heoretical value of· 
the inclination with ._ Q -projection is smal
ler than the experimental one. This indica 
tes a !imina tion of the method of ref. I 181. 
Most likely the deformation degrees of 
freedom are not properly dealt with. 

6. The Critical Angular Velocity 
J • 

In order to discuss the region of high 
angular momentum.in a quantitative way it 
is useful to define a critical angular velo
city wcr' where the. transition {rom the . 
suprafluid t~ the normal state takes plac~. 
The quantity- wcr is introduced by means 
of a simplified version of the. analysis· 
of bb in terms 6f crossing band~ as sugges
ted in refs./16 • 39 1. It· is assumed that the 
transi~ion can be, deicribed by the cr~ssing 
of a paired band.with the moment of ine~tia 
g

1 
·corresponding. to the ground sta~e, and 

an unpaired band with the moment of inertia 
g2 which equals~ to the value after the 
break-down of pairing. The unpairedbarid 
begins·at oE

0
=E

0
(MI=O)J+E

0
(Ll = O), i.e~, .at 

the total pair-correlation energy in the 
ground state. A constant interaction V 
between the bands is assumed·. Them the ener
gy of the yrast line reads~ 
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~2 A2 A2 A2 ' 
1 I I _ I I 2 2. 

E =-[oE + -+--y(oE +---) +4V J.(6.1) 
I 2 0 25 25 0 25 25 

' 1 2 2 1 
Following refs./~~3~ the phase transition is 
is char~bterized 6y the branch out · 

2 ' 2 
e cr e cr 2 (o E 0 + -- ---- > + 4 v = o ( 6 • 2) 

' 251 25 2 ' 
in the complex 
gular momentum 
takes place is 

e~-plane. The critical an
I ~r , where the transition 
defin~d as the real part of 

2 
e cr 

2oE 0 

52- 31 3152. 
I 2 

cr ( 6. 3) 

The imaginary part of e~r determines the 
degree of abruptness of the transition, whi.ch 
is not important for the discussion to be 
followed. The moment of inertia at the tran
sition point equals the value 

l dE ,-1 l 5132 51+52 5 =-(-·-;"A =-<51+32)1 0.8-.-.(6.4) 
cr _2 df. I=Icr. 2 -;r<31+5z)2 2 -

where for the ratio of the geometric and 
arithmetic means a typical value for the 
rare earth region is taken. The critical 
angular velocity is given by 

.tz 1 d d 2 
2 ·:Icr _28Eo 4(J1+ Jz) 2oEo 

w = - = "" 1.2 . ( 6 • 5) 
cr 3 !r 3 2 - 5 1 5 15 2 3 2 - 5 1 

The critical angular velocity can directely 
be determined from the function 5<w 2) by 
means of the following·prescrip:tions; For 
a smooth transition . wcr is defined as 
the angular velocity at which 3<w 2} equal~ 
the value. 3 cr given by. expr. (6. 4) , . where __ 
for 5 1 the value of 3 (w 2 ) at the end of 
the linear region is taken (instead of the 
moment of inertia in the ground state) • In 
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this way one can reduce _the uncertainties 
due to the fact that expr. (6.1) which is 

' . 

appropriate for the very transition region. 
does not give a good description of the li
near part of 3<w2).If B<w2) shows a pronoun
ced bb, it is better to determine w . cr 
from the approximate relation 

l 
w = -

2 
(eu + w ) , cr 1 2 ( 6. 6) 

where w ~ are the turning points of the 
S-shaped function 3<w 2). Eq. (6.6) can 

easily be obtained consiqering that w~ 

appro~imately equals to Ic/B~ is the ratio 
V/oEo is small (pronounced bb). 

The critical angular velocity is displayed 
in fig. 5. An estimate of the,possible er- -
rors shows that the uncertainty of w~r 
is less than ±0.01 MeV 2 in the cas~ of 
a steep increase of . 3<w2) around - icr where
as it may increase up to ±0.03 MeV2 in the 
case of a very smooth behaviour of B<w 2). 
This is a sufficient accuracy for the dis
cussion of bb in the next section. 

7. Discussion of the Transition Region 

It is shown in fig. 5 that the square 
of the critical angular velocity at which· 
the proton pairing vanishes lies between 
0.2 and 0.3 MeV 2. The systematic decrease 
of w;r within a chain of isotopes is 
a consequence of the proposed dependence 
of the pairing strength on.Z and N.The 
irregularities ln the isotopes of Er and 
Yb are connected with fluctuations of the 
level density due to the crossing of Te:.. 
vels. 
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. For almost all nuclei the neutroh-pai..;. 
ring vanishes at a smaller angular velocity 
than .the· proton-pairing. The value of w 2 .

equals about 0.12 MeV 2 in the whole rarer 
earth region. The dips .of cJ~r at N = 98 
and N 7'102, 104 a,re conn·ected with local 
minimf ~f the level. density (see also 
ref. 8 

· ) • ·The break-down of. neutron
pairing is accompanied by bb for most of 
the nuclei for which the effect is observed 
experimentally. (see fig. 2). ·However the 
value of w!r which corresponds to the func
tions g(w 2) obtained from the experimental 
spa9ings of the yrast levels equals -about. 
0.07 MeV 2 in the whole rare ~arth region. 
Hence, bb is observed at a systematically 
lower angular velocity than the value ·at 
which the break-down of pairing is-predic
ted. 

This result possesses a serious problem 
for the_interpretation of bb iri terms of 
CAP. We shall even go one step further 
sugg~sting_that the angular velocity at 
which bb is observed is not large enough to 
cause the transition to the nonsuprafluid 
state. Thismeans. that CAP should not be· 
responsible for bb. As this:important con
clusion is based on the magnitude of w~r it 
is necessary to consider the relevance of 
the calculated values in more detail.-

A? was alr~ady discussed in section 5, 
the ,.BCS-approximation ·leads to a lower sta
bility of the suprafluid state_ tha~ Q-pro_. 
jection, reflected by the porrespondingly· 
low value of w 2 

= 0. 07 MeV 2
• This is illu-• cr . . 

strated by typic~! numbers obtained for the 
rare earth region:.oE0 =2 • .2 MeV with. Q-pro
jection, o~a =- 1.5 MeV without and g2 -g1 
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= 40 Mev-1 in both cases.· From (6 .5)._ one 
obtains the estimates . ;wc?r= 0.13 MeV 2 and 
w2 ~ 0. 09 MeV respectively,· which are~ some-cr . 
what higher than thosein fig~ 5. The dif-
ference equals 0.04 MeV 2 close to the va
lue in fig. 5. The larger pa~r correlation 
energy in the number conservingapproach is 
obvious: Q -projection corresponds to an ' 
improvement of the wave·function of the 
paired band and therefore, Leads to a dec
rease of the energy. The.unpaired band 
remaines unchanged by o~projection. . 

We have investigated the stability o'f w 2 
cr 

with respect, to a variation of the parame-
ter of the pairing strength. A reduction 
of A. 0 to· 12 MeV yields a value of w ~r = 

= 0.11 MeV 2 (see fig. 5). Th.e quantities Pz 
and PN are reduced by about the same amount 

.. as A. 0 • Although there are soine uncertainties 
as to what exten~ effects other than pai
ring do inefluence the P-values, it seems 
that theuncertainties·in determining the 
pairing strength ~hould not be much larger 
than the investigated variation of A0 • A re
duction of the pa·iring strength 'which is 
strong enough to push· w~r . down to the 
value at which bb is observed would be in
compatible with the experimental values of 
Pz and PN. Similarly the discrepancy bet:

ween the calculated and experimental values 
of ~ ( w 2) at w = o ·cannot be: explained by the 
uncertainties of thefpairing·strength be
cause the investigated reduction of A0 . 
increases ~ (0) only by 10%. · 

The curya ture of the function E 0(1'1 
0

) at 
its minimum and the depth oE 0 of the minimum 
are closely related. ·The inclination
of the linear part of ~(w 2 ) is pro
portional to the curvature/IB/. As was 
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discussed ·in the.previous section the•ex
perimental value of· this quaritity is-~~pr6-
duced with a good accuracy~ This can•be~ 
considered as an independent indication 
that our calculations provide-a good es
timate of oE0 • 

As-was mentioned in sect. 5, the moment 
of inertia in the ground state ~ 1 ·is ob
tained · smal.ler than observed. However, :the . 
typical value ~2 = 60 · MeV- 1 . for the mo
ment 'of inertia after the gbreak-down of· 
neutron-pairing seems to be of the right· 
order because it corresponds to the rigid 
body moment for the neutrons. If for ~1 
the typical experimental value of 30 Mev-1 

is taken and oE o is kept equal_. tp 2. 2 MeV 
the critical velocity increases to· w~r =c 

= 0.17 MeV~. 
It is possible to avoid the uncertainties 

in the calcula~ion of the moment of inertia 
by taking the experimental -value of ~ 2 ..:. ~~ 
from,the S-shaped curves. Use-of the typi
cal experimental values ~ 2 -~ 1 = 40 Mev-1 and 
w~r = 0. 07 MeV 2 (6. 5) permits one to cal_: 
culate an "experimental" energy oEo=l. 5 MeV.2 

where' the· second band begir;s. yr'his·value 
is close to those of refs. n~as obtained 
from a~ore sophisticatedphenomenol6gical 
analysis) • The energy of the head of' the 
band causing bb is ·significantly ··smaller · 
than the pair correlation energy for which 
2. 2 MeV is a typical value·. Thus ·also from 
this -point of view it is obvious that the' 
unpaired ban:ao lies· too high to· permit · 
a crossing with the .paired band at that 
value of the angular momentum where bb is 
observed. ' · · · 
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Let us now consider the consequences of 
the conservation of angular.momenturn. As 
was discussed in section 3 the · PI ...:.projec...:. 
tion influence the CAP ·via the correction 
to.the·ground state.energy (see expr. ·(3.1)) 
and correc~ions to the rotati~nal energy 
which are of higher order in 1 . The correc
tion to E0 leads to an increase of~ for 
given G.In contrast to the Q-projection 
the quantities Pz and PN calculated with 
the correction (3.1) show approximately the 
same increase. as !\.(The dispersion of an,
gulax mom,entum is almost the same for odd 
and 'even nuclei) • ·This increase of . Pz and 
PN must be compensated by a reduction of 
tlle pairing strength. The value ~o= 11.5 MeV 
reproduces in good apprqximation the·PN va~ 
lues without corrections of the ground 
state energy. The st~ength of.proton pairing 
is slightly qverestimated~. As can· be seen 
from the example in fig. 3, the curves with 
and .. without .the correction to the ground 

, state energy almost -coincide •. The same re
sult has. been obtained for othe~ nuclei not 
presented in fi.g. 3. In order .to investi
gate the role o~ the terms_o~·higher order· 
in 12 fig. 3 shows a comparison the func
tions ~(w 2) calculated from expr:. - (3 •. 4) anp .. 
from.theground state energy (3.l)·.plus J2/23py 
(i.e., _the .quadratic approximation of 
expr. (3.4)) ~ It is .demonstrated th.at the 
higher o_rde.r,. terms ,do

2 
not s,igniffcantly ·.~. 

change _the .v_alue of, wcr •. The same .res_ul t. . 
has been -found in, more systematic• ca_lc_ula-. 
tionE;/4° • 4~( From the d.t,scu~siqn,. o£: ,the . PI -. 
proje_.ction it _;is conclu,d~d .. :that the conser
vation of angular momentum does not,-lead 
to any essential change of w ~r • 

30 

The above discussions have provided 
a certain conf:idence.in value of the-cri
tical frequency of the break-down of neut
ron-pairing. Now the;conclusion.from the 
beginning of this.section is emphasized: 
For the nuclei of the rare earth region 
the angular velocity at which bb ts.obser
ved is not enough to·cause a t~ansition of 
the neutron system into the nonsuprafluid 
state. Therefore the present quantitative 
analysis does not confirm the interpreta
tion of bb in terms of CAP. (The same sta~ 
tement is made in ref. /rs/ ) • 

As·is already extensively discussed the 
value of w~r becomes _considerably larger if 
the conservation of particle number is 
taken lnto account, bec~use ~h~ total_pair
correlation energy is-. substantially increa.
sed. In the case of RAL similar· changes are 
not expected because the two-quasiparticle 
energies and the relevant matrix-elements 
are not very sensitive to Q -projection. 
This fact is reflected by the calriulated 
moments of inertia. · ·. 

· · RAL is also_ essential for ·the_ inter..:.. 
pretation of the following result of cal
culations~ In the case of nuclei_with 
9.0 s N s 94 the· moment of inertia ·after the_ 
breakdown of· ·neutron-pairing is larger 
than both the experimental and the rigid 
body value. Inspecting.the individual con
tribution of each two-quasiparticle- state 
to expr. (2 .10). it tu~ns out that the ., ' 
large value is due to the terms from.the. 
states with K = 1/2 . and 3/2 discending. from 
the i 13; 2 , · subshell. It is gui te obvious 
that the contributions.from.:these levels 
cannot :be -t;reated.by perturbation theory. 
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They·tend to decoupl~ from the core keepinc 
the moment of inertia small/7/. · 

· From the point of view of the al terna
tive explanations ofbb.mentioned in the 
introduction the negative conclusion con~
cerning the CAP means a confirmation of 
the. interpretation in terms of R~L. Howeye: 
was as discussed. in refs. /.1.2' 13 

'
15

/ CAP 
and RAL are only two aspects of the more 
complex phenomenon of the phase transition
from the suprafluid to the normal state in 
a rotating nucleus. The transition does no· 
take place for the whole system at once, · 
rather the.pair correlati_ons vanish first 
for levels with high angular momentum .. The 
angular velocity at which this. occurs for 
the i1 3;2 neutron level, is estima ted/15/ 

to be just :that .where bb is observed. ·As 
the neutrons on the depaired levels are·le 
stable bound·to the rotating core they ten 
to align their angular momenta to the axis 
of rotation •. At higher·angular velocity 
the pair correlations vanish .also for the 
levels with smaller angular momentum until 
the nucl'eus is in .the nonsuprafluid state. 

With regard to this.picture the critica 
angular velocity calculated in thos•.work 
represents the upper limit.for the:existen 
of pairing in the rotating nucleus. 
Although the results are-obtained by means 
of perturbation theory, they are also re-

-levant in the case of strong RAL. ·This :can 
be seen from th~ following argument: I.t is 

/42/ . shown in ref. that near the ground 
state equilibrium deformation the~value of 
the moment of inertia obtained by perturba 
tion theory approximately equals to .. an .ave 
raged value froin which :the influences ·of: 
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shell· structure are -eliminated. Further- • 
more ·-it is shown,· that the value -of the 
averaged'rotational energy is only very: 
weakly·influenced'byrnonadiabatic effects 
arising from the-single-particle degrees 
of freedom (for details see-.ref. /42/ ~) • · 
Therefore, the critical angular velocity 
can be-understood as the limit for the 
existence of pairing:if shell structu~e is 
not included in the rotational energy. 
Shell structure may cause a partial depai
ring of levels with ··high angular momentum 
( i 13; 2 n~utron-'levels) at w <wcr'Since the· 
contributions of single-particle degrees 
of freedom. t6 the inclination of ~(w 2 ) 
at w = 0 are larger than •expected for the 
averaged rotational energyi sHell -struc- · 
ture only promotes the depairing of certain 
levels. Hence, the critical angular veloci
ty plotted on fig. 5 really represents an 
upper limit for the existence of pairing 
in the rotating nucleus. For nuclei with 
N=94this interpr?tation is not quite 

correct because the .obtained momenf.6f iner
tia after break-down of pairing is larger 
than expected_for the averaged l;>ehaviour 
(see ·fig. 2). . · _ - ·· · 

The investigations of CAP in. refs. /s, 43 / 

yield a considerably .. smalier value of "w ~r 
than that obtained in the present work •. In 
refs./7

•
45

/ the rotational energy is calcu
lated by· means of the· simple P1 -projection 
{see section 3) •. As was.already discussedJ' 
~ ~projection does not. essential influence 

C)\P. The difference ~...:~1 obtained in refs. /7,45/ 

is indeed not far from our value. There
fore, the smaller val~e. o'f (t)~r must :pe con
nected with a corresponding smaller value of 
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the _pair .. correlation ~nergy oE 0 •. The smaller 
value of oE 0 is aLconsequence of the fact 
that in ref.~/ o~ly 2 meshpoints· are taken 

_in order to approximate.the Q-projection 
integral (A8) (In the present work 8.mesh
points are used) • In ref. 1431. tlie number 
of. mesh-points is increased to 4, but at 
the same time. the pairing strength is re
duced keeping ftt. constant. As was already 
discussed above such a reduction which 
keeps w~ approximately at value of . 
0. 07 .MeV 2 is not compatible· with .the expe- · 
rimental value of PN. Furthermore the small 
value of8E 0 corresponds to an inclination 
of the linear part of~(w 2 ) which is-signi
ficantly larger than the experimental va
lue ,if, as necessary, the contributions. 
.from the single-particle d~grees of freedom 
are added (see section 5) . 

8. Conclusions 

A systematic investigation.of the CAP 
has been carri·ed out for the nuclei of .the 
rare earth region~ For the paramefr~zation 
of'the pairing strength a new two-parameter
expression is suggested which reproduces 
the even~odd mass differences with a'good 
accuracy~ As already nobiced· in-. a number ,of 
previous einvestiga tions it • turned =out 'in 
the calculations that using-a-realistic· 
'strength of (monopole): ·pairing. the moment 
of inertia· in· the,· ground state is obtained 
smaller than • observed-. Al·though there' are 
several suggestions explaining the·discre,
pancy it .seems ·that :the· problem needs.· to· 
be ,final~y clarified~. 
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Considering only the CAP the inclination 
of the linear part of the moment of inertia 
as function of the square of the angular 
velocity is obtained smaller .than observed. 
However, if the contributions from all 
expected nonadiabatic effects ~re taken 
into account a very good agreement of the 
theoretical and experimental values of 
the inclination is foun~ in tne case of _ 
stable deformed nuclei. The most i_mportant 
contribution c6mes from the single ~article 
degrees of freedom. As the present calcula
tions provide a good description-of nonadia
batic.effects in the sp~ctrum at low angular 
momentum they should also yield reliable 
predictions concerning the CAP at high angu
lar momentum. 

The calculations show that the exact 
conserv,ation of angular momentum does .not 
significantly influence ~he CAP. HoweVer, 
the exact co~servation of particle number 
turned out t,o be very essentic;tl.for a quan
titative description of CAP. ~n comparison 
with the BCS~approximation the number con
serving approach yields a considerably 
higher value_of the total pair~correlation 
energy which is decisive for the stiffness 
of the system with respect to a change of 
strength of the pair-correlations. 

In the rare earth recion the calcula
tions predict the neutron pairing to break
down at the square of the an?ular velocity 
of about 0.12 MeV~. Although there exists 
a correlation betwe-en the numbers of ·rmc
leons fo~ which bb really appears and those 
for which.a rapid transition accompanied. by 
bb is theoretically predicted, the sudden 
increase of.ihe momenf of inertia causing 
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bb is-observed at a· squ~re of the angular 
velocity of about 0.07 MeV2 noticeably 
smaller than the angular velocity of the· 
break.down of pairing. From this it is 
concluded that the exprementally observed 
bb does not correspond to a break-down of 
neutron pairing. The angular frequency at 
which bb is observed is not high enough to 
destroy all pair correlations. Bb should 
rather be connected with the depairing of 
fe:w levels with high angular momentum ( i13; 2 
neutron levels in rare earth region) and 
a simultaneous alignment of the collective 
and corresponding particle angular momenta. 
This mechanism represents the first step 
of the transition from the suprafluid to th 
normal state in the.rotating nucleus. 

Analogous to the critical field in a su
perconductor the critical angular ~elocity 
calculated in this work is interpreted as 
the upper limit for the existence of th~ 
suprafluide phase. Conservation of par
ticle number leads to a considerable in
crease of the critical angular velociti in 
comparison with estimates .based on the ESC
approximation. In the rare e~rth r~gion the 
neutron pairing is predicted to vanish at 
a value of angular momentum of about 24h whe 
reas the proton ·pairing is predicted to 
vanish between 40 h and 60 h • 

The ~uthor thanks Prof. V .G .-Soloviev 
for his continuous promoting intere~t in 
the work. He is indebted to Drs. F.Donau, 
R.V.Jolos, I.N.Mikhailov, L.Minchow, 
N.I~Pyatov_and H.Sch~lz for many helpful 
discussions and remarks. · 
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Appendix 

For the evaluation of the matr.ix-e-le
ments one needs the commutation relations 

QNc7 = c7QN -1' Q Wi = c 8N+1~ 
and the relations describing the action of 
(1 and c i on the BCS-function 

c ~~~ • .\ > = c~ u .1~ • .\; i >, c ~~ ~ • .\ > = c+. v .I~ • .\, i >, 
I I I I I 1 

(Al) 
c+l~,.\> = c+u.l~,.\,i>, c I~.\>= -c~v.I~,A:,i>, 

j · I I I 

where i > o and I~.A,i>denotes that the level i is 
blocked, i.e., left out in the product (2.4). 
All expressions are reduced to'the normali
zation integrals 

ilo=<A,.\IQNI~A>, ilj=<~ • .\, iiGN-11~. ,\, i>, nij=~,.\, ij IQN_J~ • .\, ij>, 

where <~,.\, ij>means a BCS-function with the 
levels i,j. blocked. The expectation value 
of H is given by 

-1 
<~.NIH sp I ~.N> = il 0 <~,.\I QN'T£ i c: cil~,.\>, 

- j(. (A2) 2 I . 

and 

<~,NIH I~,N>=2~cv. ~, 
sp i> 1 I.JlO 

+ . -1 ' 
<~,NIP PI~,N>=il <~,.\jQN ~ c~c~c_c.J~,.\>, 

0 "> "> I • • J I ,j · 1 J 

+ 4 . . 
<~.NIP PI~.N>=il 0 . 2. viv1-~,.\,IjQN-21~ • .\d>, (A3) 

t>,J> 

. + . - n ij ... -.. 
2 
n ij 

<~,NjPPj~,N>= .. ~ viuivjuj~ + 2 vi~ • 
1>f, i > Jlo i> . Jlo 

· .nij · -. ·.n ij 
- <~,NJP+pjt\:,N>= ~ u.v.u.v.-- ~ v4

1
.- • 

"> "> 1 1 J J 'h "> 'h 
1 ,j Jl o . 1 Jlo 
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The-last sum represents a renormalization 
of the single-particle levels due to the 
pairing interaction. As usual, this term 
is neglected. 

Orthogonality of the states ·I~.N,ij> 
can be easily seen from the expression 

-YJ 
<A,N, iJ.I ~. N, i '1. '>= (11 .. 11 -~--) ~ • .A, iJ"I c .c. c:t-, c:·QN 21~A,i '1· 

I) I J · J I I J -

Carrying out some commutations one obtains y, . 
<~ N, i1'1 ~. N, i ' 1· '> = (11 .. 11 .-. ,)-

2 
<~,A,iJ"I c:, c. c. c ~-QN 2 1~,.A,i'J'':: 

I) I J I J I J -

-Y, . 
+ o .. , [o .. , .,...(11 .. 11.-.,) <~,.A,ijl c:,c.QN I~,A,i'j'>J- (A4) 

II JJ I) I J J J -2 

-Y, 
-8 .. , [o .. --(11 .. 11.,.~ 2 <i\,.A,i1'1c:,c.QN 21A,.A,i'1''>]. 

J I I J I) I J 1 I -

From eq. (Al) follows that the creation 
operator applied on the blocked BCS-func
tion on the left hand side either gives 
zero.or is changed into a annihilation ope
rator of the time reversed state. As only 
the case i~j is c6nsidered this operator_ 
commutes with all other ones and gives 
zero acting on the blocked BCS.,.-function on 
the right-hand side. Thus, orthonormality 
is shown. Following the same arguments it 
is obvious that <~,N, ij I ~.N>= 0 if i l j 

As "~ is a diagonal single-operator it 
can be shown in the same manner as for the 
states that nondiagonal matrix-elements va
nish. The diagon~l·term reads 

<~. N' ijl Hsp I~,,~' ij> = (i + ( j + 11~ 1 <~.A, ij I H spQN-21~ • .A,ij >.(A!: 
. . . ' ' . 

In the case of the pairing interaction new 
terms arise f~om the commutator,[ P, ~;1_ = c T· 
However, the operat6r cy gives zero··acting 

. on the blocked BCS-function on the right-
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hand side. The same argument is valid fo~ p+ 
and the BCS-function ori the'left-hand side. 
The diagonal term reads 

. + -1 + . 
~.N,iifP PI~.N.ij>= nij <~.X,ijiP PQN_2IA,.A,ij>.(AG> 

Hence the 11 two-quasiparticle energy 11 equals 

ij 
E .. =f.+f.+En(N-2}, (A7) 

IJ l l lF · , 

where Ei~(N-2) means the ground state energy 
of a system of N- 2 particles with the le
vels i ,j blocked. The corresponding expres
sion can be easily obt<1iried from eqs. (A2) 
and (A3~ if the levels ij are removed from 
the sums and the normalization integrals. 
Applying eq. (Al) to the matrix-element 
<Ll,N,ijiJ IA.N>=(11 .. 1l

0
fy, <A,.A,iHvN 

2
c .:. -l' j.:.,c.-l.c., IA,.A:.-. 

X IJ • - J I j, j, · I J I J • _ 

one gets -
I/ 

<i\, N' ij I .J I,'\, N > ~- ( ilij no,- 2 

X 

.... ,\ \ ''I(' f• '< + + • X 
X k u.,v,,<.c.J.,/\,1) .\, ?C.C.\f-'·'C-'C -1·' 

j ~ j '> I } · "" -- J I · I J 1 · 1 

-t + }I A \ • ,. ,_ c.,c .• n,l\,1 J -"· 
I J 

From the orthogonality of the sta.tes \A,N,ij> 
follows 

n i' •: 
<·\,N,ij'!J l~\.~>=-·(-1-. )_..

2 
(u.v.-u.v.)J··' , (A8) 

'< . , j( 0 1 J J I .. ij . 

where the convention-i=i.i~ o is used. As 
.lx generates from I\.\ only the states l'\,"i.ij> 
and .H is diagonal_ within this set, one 
gets 

n· . . . 1 
<~,N!Jx_( l).Jx!~,:\>.~ ~ ~ . .. ~ q 

~ .. ?·E ... 
!·· \.~,ij\.J,I.\,N>l-C 1

11). (A8) 

By means of eqs. (A"h 'and (A8) one immedia
tely obtains·expr. (3.3) • 
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. In order to ~valuate the normal~zation. 
int~grals. th~ integral repr~sentat:_iqn/44/. 

·of QN ·is ·applied: ' " . _ . . - _ _ - _ , . 

Q N= _1_ }" ~¢ e i¢ ( N- ~) 
. . . ,. 2rr .0 _ . . _ . . . . , •. 
where N denotes the operator of part1cle 
pum~er. ,A $traight~forward calculation, pro-cvides '. ' ' ' ' ' 

'h _ ..!_ 
2
f

17

d"' i¢N I' { 2 - 2 -2 i¢ ) Jl0 - 'f'e 1 u .+ v.e • 
217 O · i> I I (A8) 

The · forin of_ the other normalization integra 
is obvious. In the calculations the integra 
is apprdxiniated by. a lfinite ~urn. ·over equi-
distant me$h.:..points. . · · , . -

' As is shown· in ref ./44/ · 2v mesh-points· 
' "" . . ~ , .: . '. 

ensure that .all admixtures corresponding tc 
N ± LlN, 0 < LlN < 2 v + 1 . are eliminated . In 
practical calculations v =3 . ·turned out to· 
be sufficient. A further increase of v does 
not lead to any significant change of the 
results. 
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